Abstract
Objectives
The aim of this study has been to evaluate the presence of Ni allergy and its association with the metabolic and endocrine profile in overweight and obese individuals.
Methods
We have evaluated 1128 consecutive overweight and obese outpatients. 784 were suspected of being allergic to Ni and 666 were assessed for it. Presence of Ni allergy and correlation with body mass index (BMI), body composition, metabolic parameters and hormonal levels were evaluated. PLOS 
Introduction
The increasing epidemic of obesity and its comorbidities represents a substantial medical and economic burden according to the most recent WHO reports [1] . Calorie dense food and sedentary lifestyle frequently leading to positive energy balance do not seem to explain this phenomenon in its entirety. Therefore, research has focused on studying possible additional factors that could play a role in weight gain. Ni is a highly allergenic ubiquitous heavy metal present in soil, tap water, common household products and utensils, cosmetics and foods of vegetable origin that has long been found to have an effect on several health outcomes [2, 3] . Preclinical studies have recently shown that Ni may play a role in energy metabolism and glucose homeostasis regulation [4] [5] [6] [7] [8] [9] . Furthermore, it seems to exhibit an endocrine-disrupting activity, as in vitro studies have previously reported Ni induced impaired pituitary secretion of prolactin and Growth Hormone (GH) [10] [11] [12] . These data still need to be confirmed in a clinical setting but must reinforce the alert of the potential metabolic health concerns of Ni exposure.
The currently reported general population prevalence of Ni allergy is 8-18% in US and Europe, higher in southern countries such as Italy where it is estimated to be 16% [3, 13] . Ni allergy usually presents with cutaneous symptoms (Allergic Contact Dermatitis, ACD), but also as Systemic Ni Allergy Syndrome (SNAS), a condition initially hypothesized in the 70s by Christensen et al. who noted that a considerable number of patients sensitized to Ni presented with dermatitis in locations other than those which had been in contact with Ni-plated objects [14] . Nowadays, SNAS is considered to manifest with cutaneous (so-called Systemic Contact Dermatitis, or SCD) and extra cutaneous signs and symptoms (gastrointestinal, respiratory, neurological, etc.).
Interestingly, obese and overweight subjects frequently present with unspecific signs and symptoms that could be attributable to ACD and SNAS and, according to a recent report on a relatively small prevalently female overweight population, Ni allergy seems to be much more common in these subjects compared to the general population [15] .
The 1994 EU Ni directive regulating the use of Ni in products that can come into contact with skin has reduced Ni allergy prevalence in countries that followed the directive such as Denmark and Sweden, proving that Ni allergy is largely attributable to Ni exposure. However, Southern European countries were not as abiding, and they therefore report higher prevalence data (approximately 16% compared to 10% of northern countries) with similar results being observed in North America, where Ni allergy continues to increase in younger and older men and women [3, 13, 16] . Moreover, the European Food Safety Authority (EFSA) has recently released an alert stating that individuals allergic to Ni are at increased risk of developing health conditions when exposed to current levels of Ni intake with food and water [17] .
Given the alarmingly high prevalence of Ni allergy and obesity in the general population and the hints coming from previous preclinical studies suggesting a possible correlation between Ni and metabolic outcomes [4, 6, 7] , our aim has been to investigate this in human subjects. We therefore assessed for symptoms and signs of ACD/SNAS all overweight and obese subjects being admitted to the High Specialization Center for the Care of Obesity, Sapienza University of Rome, from 2010 to 2016. Those with a suspect of Ni allergy were subjected to a Ni patch test, and their metabolic and hormonal status was evaluated.
We confirm that Ni allergy appears very common in obese patients, and we report for the first time that Ni allergy is associated with worse metabolic parameters and impaired function of the GH-IGF1 axis in human subjects.
Patients and methods

Subjects
1128 subjects accessing the High Specialization Center for the Care of Obesity, Sapienza University of Rome, from 2010 to 2016 were evaluated. All patients had medical history collected, physical exam and laboratory work performed (hematology, biochemistry, and eventual dynamic test) as part of the routine all patients accessing the Center undergo for initial evaluation. Patients presenting with at least two signs or symptoms compatible with SNAS or ACD such as gastrointestinal distress (bloating, meteorism, abdominal pain, belching, dyspepsia, diarrhea, constipation), systemic symptoms (fatigue, headache) and cutaneous signs (itching, rash, dermographia, urticaria) [18] were candidates to a Ni patch test. Exclusion criteria to undergo the diagnostic procedure were age <18 and >65, systemic treatment with corticosteroids, antihistamine or other immunosuppressive agent, pregnancy, topical treatment with corticosteroids on the test area in the past 14 days, and absence of written informed consent. Age exclusion criteria was selected in an effort to have a more homogeneous sample by excluding pediatric and older age. Those who were pregnant or refusing consent were excluded for ethical reasons. Other exclusion criteria were adopted as these conditions are known to be potentially interfering with patch test results. All procedures performed were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. The study was reviewed and approved by Sapienza University of Rome Ethics Committee.
Stratification
Overweight and mildly obese subjects frequently show different prevalence of comorbidities compared to morbidly obese patients, leading to a stratified risk of all-cause mortality (not increased in overweight and grade I obesity, increased in grade II and III) [19] . Weight can be itself an important confounding factor for metabolic assessments, and we therefore stratified the population in exam by BMI, subdividing it in a group of overweight and grade I obese patients (25<BMI<35) (Obe) and another of morbidly obese patients (> = 35) (MObe). Each of the groups was then subdivided according to Ni patch test results: positive or negative (Fig  1) .
Anthropometric measurements
Body weight and height were obtained between 8 and 10 a.m. in fasting subjects wearing light clothing and no shoes with an empty bladder. The same calibrated scale and stadiometer were used for all patients. Waist circumference was measured in the same instance at the midpoint between the lower rib margin and the iliac crest, the patients had their waist uncovered and were asked to stand with their feet close together and their weight equally distributed on each leg.
Laboratory assessments
Blood samples were collected from fasting patients by venipuncture between 8 and 9 a.m. Samples were then transferred to the local laboratory and handled according to the local standards of practice. C Reactive Protein (CRP), Insulin, Glucose, Glycosilated Haemoglobin A1C (HbA1C), Insulin like Growth Factor 1 (IGF-1), GH [20] , and routine laboratory tests were measured. HOmeostasis model assessment of insulin resistance (HOMA-IR) was calculated from fasting plasma insulin and glucose levels using the following formula: insulin (mIU/mL) x glucose (mg/dL) / 405 [21] .
Dynamic test
Patients showing low IGF-1 levels (<50 percentile for age and sex) together with organic disease or a history of head injury were tested for possible GH deficiency according to the AACE guidelines with GHRH (GHRH 1-29; Ferring, Italy; 1 μg/kg BW iv at time 0) plus Arginine (0.5 g/kg BW, L-ARG mono-hydrochloride by iv, from time 0 over 30 min) [22] . Written informed consent for the medical procedure was obtained from all patients. Blood samples were drawn from an indwelling catheter inserted in an antecubital vein at times 0, 30, 45, 60 min. All studies started between 8 and 9 AM, after an overnight fast. GH deficiency (GHD) was diagnosed according to AACE guidelines as a peak value below 4.8 ng/dL [22] . 
Body composition
Body composition was measured by Dual X-Ray Absorptiometry (DXA) (QDR Discovery Acclaim, Hologic Inc., Waltham, MA) in fasting patients wearing light clothing and no shoes.
Patch test
Patients with a clinical suspect of ACD or SNAS that met inclusion and exclusion criteria were patch tested with the Società Italiana Dermatologia Allergologica Professionale ed Ambientale (SIDAPA) baseline series (Lofarma S.p.A., Milano, Italy), that assess Ni sensitivity with a 5% Nickel Sulfate solution. Finn Chambers1 (diameter, 8 mm; SmartPractice1, Phoenix, AZ, USA) on Scanpor1 tape (Norgesplaster A/S, Vennesla, Norway) were applied and left on the back for 48 hours [23] . The readings were done on day 3 by a trained allergologist (Si.M.). For the patch test analysis, reactions "+" to "+++" were classified as positive, and negative and doubtful reactions as non-positive.
Statistical analysis
Data are expressed as mean ± standard deviation (SD) if not otherwise stated. Normality was assessed with the Shapiro-Wilk test and variables were Log transformed when distribution was non-normal. Independent samples Student's t-test and Mann-Whitney u-test were used to assess differences between groups. Differences between GH levels among groups upon dynamic testing were assessed by repeated measures analysis. Differences were considered statistically significant when p < .05. Statistical analysis was performed using GraphPad Prism Version 5.00 for Windows, GraphPad Software, San Diego California USA and SPSS Statistics for Windows, Version 20.0, Armonk, NY, USA: IBM Corp.
Results
Ni allergy in obese and overweight subjects
1128 obese and overweight outpatients accessing the High Specialization Center for the care of Obesity, Sapienza University of Rome, from 2010 to 2016 were evaluated. 69.5% (n = 784) reported complaints compatible with ACD or SNAS. Of these, 45.9% (n = 666) met inclusion and exclusion criteria and were therefore subjected to a 5% Ni Sulphate Patch test. The demographic, anthropometric, and clinical characteristics of the patients are shown in Table 1 . Of the patients undergoing the diagnostic procedure, 69.5% (n = 463) resulted positive, the rest being negative, and no undetermined result was detected (Table 1) . 71.1% (n = 432) of the women being tested were positive and 28.9% (n = 176) were negative, whereas male subjects tested positive in 53.45% of the cases (n = 31) and negative in 46.55% (n = 27). After screening through medical history and physical examination, 41% (463/1128) of the total number of obese patients accessing our center resulted allergic to Ni. Once stratified by BMI, Obe patients tested positive in 64.3% (175/272) of cases, whereas MObe were 73.1% (288/394) positive, more frequently than Obe patients (p = .016; Fig 1, Table 1 ).
Metabolic status
Ni allergy was associated with significantly higher BMI and worse body composition. Moreover, allergic patients showed worse glucose homeostasis with higher insulin, HOMA-IR and HbA1C levels. In addition to this, the same patients had increased inflammation as shown by higher CRP levels ( Table 2) .
Menopausal status and age, factors that could easily affect metabolic health, were not significantly different between Obe and MObe groups (35.5% vs 33.6% menopausal female, p = .67; 44.5±13.7 vs 44.4±13.2 age, p = .88). However, gender distribution differed significantly, females being more represented in the Obe group (94.9 vs 89.1, p = .01).
Among Obe patients, mean BMI was not significantly different between the positive and negative group, but body composition was worse in allergic patients (i.e lean mass was lower in the positive group). None of the assessed metabolic parameters were significantly different other than CRP that was increased in allergic patients (Table 3) .
Among MObe patients, mean BMI was not significantly different between the positive and negative group, neither were anthropometric parameters, but there were striking differences regarding glucose homeostasis parameters. Positive patients showed in fact significantly higher fasting insulin and HOMA-IR. Moreover, CRP was significantly increased in positive patients (Table 3) .
GH IGF1 axis
Overall, Ni allergy was associated with impaired GH-IGF-1 axis function. In fact, allergic patients showed significantly lower baseline IGF-1 and blunted GH dynamic response upon GHRH+Arginine stimulus compared to non-allergic ones even when controlling for BMI, age and HOMA-IR (Table 2 , Fig 2A) . GHD diagnosed according to AACE guidelines that take Table 2) . Upon stratification by BMI, the impairment in the GH-IGF-1 axis function was not present in allergic Obe patients, who failed to show significantly GH (Table 3) , or a blunted response to dynamic testing (Fig 2B) . GHD diagnosis was not more frequent in Obe allergic patients (Table 3) . Of note, baseline IGF-1 was significantly lower in allergic patients.
Conversely, allergic MObe patients showed, on top of significantly lower baseline IGF-1 levels, a marked decrease in the dynamic response compared to those who tested negative to the Ni patch test (Table 3 , Fig 2C) , that upon repeated measures testing remained significant even after controlling for HOMA-IR and BMI baseline values. GHD diagnosis was significantly more frequent in allergic MObe compared to non-allergic ones (Table 3 , p = .01).
Discussion
ACD and SNAS are complex conditions whose pathogenesis is yet to be fully elucidated. It has been suggested that an innate immune response, type I hypersensitivity and type IV immune reaction are responsible for cutaneous flare-ups [24, 25] , whereas circulating immune complexes (Type III reaction) and non-specific cytokine release may be in turn potentially responsible for the generalized symptoms of SNAS [26] , leading altogether to enhanced inflammatory response. Unequivocal evidence produced in the past decades shows that low grade inflammation plays an important role in the pathogenesis of metabolic syndrome, where the activation of specific pathways leading to adipocyte dysfunction seems to lie at the bottom of the question [27] [28] [29] . Moreover, evidence from recent preclinical studies report that oxidative stress, increased membrane permeability, reduced number of mitochondria and decreased expression of Uncoupling Protein 1 (UCP-1) and other genes related to Brown Adipose Tissue (BAT) may be other possible links between Ni exposure and metabolic homeostasis impairment that are unrelated to that of chronic inflammation [4] [5] [6] [7] [8] [9] . Reducing dietary Ni intake substantially ameliorates systemic Ni allergy symptoms [30, 31] . Moreover, Lusi et al.
have recently reported that a low Ni diet is able to induce weight loss in patients allergic to Ni, pointing in the same direction as pre-clinical studies [15] . Our study partially confirms what previously suggested from Lusi et al. that obese patients seem to be more frequently allergic to Ni compared to the general population. The authors have reported that 59.7% of an overweight population had Ni allergy. The difference we see in frequency compared to their case series may be due to their small sample size and/or our selection of the patients undergoing a Ni patch test. Interestingly, we see that obese male subjects appear to be more prone of females to be sensitized, conversely to what usually observed in the general population, where male subjects are by far less allergic than women [3] . However, we had a small number of male subjects in our population and our finding should be therefore confirmed in a more numerous sample. The reason of such a gap in male versus female representation possibly lies in several factors. First, it is acknowledged that female obese patients more frequently consider obesity as a disease and therefore seek medical assistance for it [32] [33] [34] . As our population accessed a specialized center for obesity care we initially enrolled more female than male patients. Moreover, several signs and symptoms possibly pointing at ACD or SNAS such as bloating, fatigue and headache are more frequently reported by female individuals, most likely for a number of reasons including psychological and cultural ones [35] . A major limitation of our study is the initial screening that the patients underwent in order to be tested for Ni allergy, that may have created a selection bias possibly underestimating the total and gender specific prevalence, as patients with no suspect were not assessed at all. It should be noted that the estimated daily intake of Ni in Italy is higher than most other European countries and the US [36] . This may be an additional reason why our prevalence data is much higher than that estimated in the general population of other countries.
We report that patients who are allergic to Ni are heavier, have worse body composition, impaired glucose homeostasis, and increased inflammation, suggesting a role of Ni in such differences. Upon stratification by BMI, Obe only show differences regarding body composition between allergic and non-allergic patients, with no metabolic impairment. On the contrary, MObe who are allergic to Ni have worse glucose homeostasis compared to non-allergic MObe patients. Increased inflammation is present in both Obe and MObe allergic patients. Based on our observations it is likely that low grade inflammation and direct toxicity induced by Ni are additive risk factors for metabolic impairment together with others and obesity itself, thus the worse status of patients allergic to Ni where both direct toxicity and immune mediated effects take place compared to non-allergic patients where direct toxicity is probably the only Ni related risk factor and where a better handling of Ni accumulation may exist [37] . Moreover, we believe that MObe patients have a more pronounced metabolic impairment compared to Obe patients because of other factors contributing to their health condition.
We also report an impaired function in the GH-IGF-1 axis in all Ni allergic patients. Upon stratification, allergic MObe confirm such impairment compared to non-allergic MObe: this can be partially explained by the significantly different glucose homeostasis status of this group, where insulin is higher in the allergic group. In fact, solid evidence in literature suggests that hyperinsulinism suppresses GH production via direct pituitary action on GH synthesis and release and indirect action via modulation of hypothalamic function, alterations in the availability of IGF-I, and/or suppression of circulating ghrelin levels [38] [39] [40] [41] [42] . Confirming this, Obe subjects do not show a significantly different performance upon dynamic testing, compatible with the unimpaired glucose homeostasis. However, when controlling for baseline HOMA IR and BMI, time points 45' and 60' remain significantly different in allergic compared to non-allergic MObe, suggesting other concomitant factors accounting for these profoundly different responses. Of note, in vitro studies have previously suggested a possible disrupting role of Ni in pituitary function through inhibition of Calcium uptake or redistribution and consequent reduced secretion of prolactin and GH [10] [11] [12] . However, in vivo evidence is lacking, and we cannot therefore infer that this may be an additional mechanism through which the GH-IGF-1 axis is impaired in allergic MObe patients.
In conclusion, our study suggests an increased presence of Ni allergy in Italian obese patients and a possible link between obesity, hormonal dysregulation and Ni allergy/exposure. Toxic and immune-mediated effects of Ni may synergistically play a role in the genesis of obesity and hormonal impairment, but several questions still need to be answered in order to understand the full picture and the mechanisms via which Ni may exert such metabolic effects in human subjects.
